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Abstract 
 
A single walled carbon nanotube supported gold composite was prepared and this composite was 
characterized by XRD, STEM/SEM/TEM, EDX, AAS, BET, Raman spectroscopy and UV-Visible 
spectroscopy.  The particles were found to be crystalline and have a well defined and narrow particle 
size distribution centred on 7nm. The activity and selectivity of the composite for solventless aerobic 
oxidation of a secondary alcohol was examined and conversion efficiencies of 95% were found. 
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 1. Introduction 
Carbon nanotubes have attracted significant interest as the basis for applications to new 
materials and device concepts in areas such as nanoelectronics and solar cells due to their unique 
structural, mechanical and electronic properties [1, 2]. For example, both single walled and multi 
walled carbon nanotubes have been proposed as substrates for biological devices [3]. Metal filled 
carbon nanotubes have also been shown to have promising applications in heterogeneous catalysis 
[4] and multi walled carbon nanotubes have been used as catalyst supports in thermal and electro 
catalysis [5,6]. In addition, MWCNTs have been successfully used as supports for electrocatalysts 
[7] and gold nanoparticles supported on SWCNT films have already been shown to be promising 
electrochemical sensors [8].   
However as is now widely known by researchers in the area, SWCNT are notoriously difficult to 
solubilise which would generally render conventional methods of composite preparation useless. 
Conversely Dai, et al have demonstrated a directed reduction route of Au3+ onto the sidewalls of 
SWCNT without requiring further chemical processing [9]. The downside to this method however 
is the broad diameter distribution of the gold nanoparticles. By streamlining this method, it is 
possible to produce Au nanoparticles with a narrow particle distribution. SWCNT as a support, 
provide a template of narrow diameter distribution fibres which allow the constrained growth of 
metal nano-particles to a narrow diameter range.  
As aforementioned, several applications across the scientific disciplines have been considered 
for carbon nanotubes including catalysis [10, 11] and in this work preliminary catalytic testing of 
the Au/SWCNT composite material for use in green chemical reactions owing to the catalytic 
activity of nanoparticulate (dAu = 1-10nm) gold has been carried out. Au catalysts have been an 
area of intense research activity in recent times [12-17]. One area in particular where such catalysts 
have found application is in environmentally friendly oxidation reactions, e.g. in the selective 
oxidation of CO from H2-containing streams [18, 19] and in selective oxidations using O2 as an 
oxidant [20-26].   
In general, oxidation reactions play an important role in the synthesis of pharmaceuticals, bulk 
and fine chemicals. However, classical oxidation reactions generally involve the use of chemicals 
and reaction systems that are not environmentally friendly, (e.g. permanganate and other acidified 
transition metal systems) [27, 28]. The reagents and waste products produced can be toxic and 
difficult to remove from process streams and are thus undesirable. A “greener” alternative to such 
processes is aerobic oxidation using a heterogeneous catalyst.  This option is preferred as O2 is 
inexpensive, non-toxic and produces water as the sole by-product. However, commonly employed 
catalyst systems are often prepared/operate at high temperatures requiring significant modifications 
to the synthetic design. Nanoparticulate materials are an alternative to such conventional catalysts. 
However, their characteristics and activity can further depend on their support substrate. Haruta has 
demonstrated for example that the catalytic properties of gold are dependent on both the particle 
size and the support [29].  
Au particles of diameter range ~7.5 nm – 350 nm supported on carbon have been investigated 
previously in the oxidation of glycerol [30] and the system was shown to be selective for the 
formation of glyceric acid. Prati, et al [31] were able to improve this selectivity (defined in this 
case as the ability of the catalyst to promote the formation of a particular compound from a 
reaction when several products are feasible) considerably by optimizing both the catalyst 
preparation method and the reaction conditions.  Most notable however is that the principle 
developments were based on control of particle size.  
A further area in which supported gold catalysts have been used is in environmentally friendly 
oxidations such as the liquid-phase oxidation of 1-Phenylethanol to Acetophenone. Notably, nano 
Au has been reported to have superior performance to nano Pd in this reaction [32]. Nano Au 
supported on mixed metal oxides has also been tested in this liquid-phase oxidation by Baiker, et al 
[33] and the system has been shown to be somewhat suitable for this type of reaction but the 
performance appears to be very dependent on Au particle size which in turn is critically dependent 
on the support mechanism.  
The ability to control the size and diameter range therefore has potential to provide routes 
towards optimisation of the catalytic process.  
In this work, the growth and characterisation of Au nanoparticles supported on SWCNT 
templates is reported. They are thoroughly characterised using a number of microscopic, structural 
and spectroscopic techniques and their potential suitability as catalysts for “green reactions” is 
demonstrated using the Au catalysed aerobic oxidation of 1-phenylethanol, we believe for the first 
time.  
 
2 Experimental  
  
 2.1 Composite preparation 
 
Hydrogen tetrachloroaurate (III) trihydrate HAuCl4.3H2O (>99%), Arc-Discharge Single Walled 
Carbon Nanotubes [SWCNT] (~70% SWCNT, ~30% Carbon, <1% Nickel/Yttrium, average radius 
of 1.4nm) and Sodium Borohydride (NaBH4) were purchased from Sigma-Aldrich. All materials 
were used without further purification.  
 
 Gold supported on SWCNT (5%wt) catalyst was prepared via an in-situ reduction method similar 
to that reported by Scurrell et al [34] for the preparation of TiO2 supported nanoparticulate 
catalysts. In summary, this involves the reduction of an Au (III) salt to Au (0) onto the sidewalls of 
the SWNT. 
 
 
 
 
 
 
2.2 Composite characterisation  
 
The composite and precursor support were characterised by powder X-Ray diffraction using a 
Phillips diffractometer with a monochromatic Cu Kα1 source operated at 40keV and 30mA. 
 
The surface area of the prepared composite and SWCNT support were determined by multi point 
N2 adsorption using a Gemini VI 2000e Surface Area Analyser at 77K and data analysis was 
carried out using the Brunauer Emmett Teller (BET) method from the N2 adsorption isotherms. 
 
Energy Dispersive X-Ray Analysis (EDX) was carried out using a Jeol 8600 microprobe. This 
microprobe consists of an electron gun and a series of electromagnetic lenses for collimating the 
beam. In addition it contains scanning coils to allow the beam to be rastered across the specimen. 
For sample analysis, the composite samples were scattered onto a Silver DAG conductive paint on 
a copper sample stub. 
 
Atomic Absorption Spectroscopy (AAS) (Varian Spectr200), with a calibration plot was used to 
determine the Au loading following acid digestion of the composite.  
 
Scanning Transmission Electron Microscopy (STEM) and Scanning Electron Microscopy (SEM) 
imaging were carried out using a Hitachi SU6600 variable pressure field emission SEM with a 
Schottky field emission electron gun which provides in excess of 200 nA probe current. Samples of 
the composite and the precursor support were prepared for STEM following dispersion in ethanol. 
A drop of the suspension was then placed on a holey carbon film supported on a 300 mesh copper 
TEM grid. Samples for SEM were prepared by stabilising the powders on carbon tab. The size 
distribution of the Au nanoparticles was evaluated using AxioVision LE software (Carl Zeiss).  
 
Transmission Electron Microscopy (TEM) imaging was also accomplished using a JEOL JEL-
2000 EX electron microscope with a lattice resolution of 0.14nm and a point-to-point resolution of 
0.3nm operating at 80 kV. Samples for TEM were prepared in exactly the same manner as those 
for STEM. 
 
Raman Spectroscopic analysis was carried out using a Horiba Jobin Yvon LabRAM HR 800. Light 
is imaged to a diffraction limited spot (typically 1 micron) via the objective of an Olympus BX50 
microscope. The scattered light is collected by the objective in a confocal geometry, and is 
dispersed onto an air cooled CCD array by one of two interchangeable gratings, 300 lines/mm or 
600lines/mm, allowing the range from 150cm-1 to 4000cm-1 to be covered in a single image, or 
with greater resolution in a combination of images. For Raman analysis, the SWCNT precursor 
support and the Au/SWCNT composite were placed on a microscope slide. Measurements were 
carried out using a 660nm solid state diode laser (100mW) standard bandwidth version with double 
edge filter upgrade (cut off to 70cm-1). 
 
UV-Vis spectroscopy was carried out using a Perkin Elmer Lambda 900 UV/VIS/NIR 
spectrometer which is a double-beam, double monochromator ratio recording system with pre-
aligned tungsten-halogen and deuterium lamps as sources. The wavelength range is from 175 to 
3300nm with an accuracy of 0.08 nm in the UV-Visible region and 0.3nm in the NIR region 
guaranteed. It has a photometric range of +/-6 in absorbance mode. Samples for UV-Vis were 
prepared by dispersing SWCNTs or Au/SWCNT composites (0.4 mg) in 15 ml of deionised water 
and sonicating for 60 seconds using a sonic tip (ultrasonic processor VCX, 750W) prior to analysis. 
. 
 
 
 
 
2.3 Oxidation experiments 
 
The oxidation reactions were carried out at atmospheric pressure by solventless aerobic oxidation 
of 1-phenylethanol using a Dean-Stark trap to collect the water formed under the following 
reaction conditions: T = 120ºC, 207mmol of substrate (substrate to catalyst mass ratio 1 : 0.002) 
and O2 flow rate of 35 mL min
-1  for 3h.  
 
Liquid phase oxidation products were monitored using FTIR spectroscopy and HPLC analysis and 
then confirmed using 1H and 13C NMR spectroscopy. Scheme 1 shows the reaction of interest. 
 
 
3.   Results and Discussion 
 
      3.1 Material Characterisations 
 
EDX analysis of the Au/SWCNT composite was carried out and clearly showed the presence of 
gold with signals at both 2keV (M line) and 10keV (L Line).   
 
The EDX results were confirmed by AAS of the acid extracted samples which showed a gold 
loading of 5.2% for the Au/SWNT composite material 
 
Specific surface areas and textural characteristics are determined by the BET/BJH methods. Both 
the supports and the Au loaded samples show characteristic Type IV adsorption isotherms (IUPAC 
classification) which indicate that they have mesoporous regions (shown in Figures 1A and B). 
Adsorption of N2 at low pressures confirms that both have micro-porosity also [35]. The specific 
surface area increases when Au is deposited onto the supports, as expected for a relatively small 
loading of particles on a fibre mesh. The specific surface area of the SWCNT support was 
determined to be 249 m2g-1 whereas for the Au/SWCNT it is 265 m2g-1.  
 
The meso and microporosity of the SWCNT supported sample is relatively unchanged following 
the deposition. The average pore diameters for both the mesoporous and microporous regions were 
calculated taking into account the shape of both the adsorption and desorption branches of the 
isotherm as well as the hysteresis loops using the BJH method based on the Kelvin Equation [36]. 
For Au/SWCNT dmes= 6.3 nm and dmic= ~0.8 nm. In contrast the untreated SWCNT had dmes= 6.1 
nm and dmic= ~0.7 nm. 
 
 
The crystallinity of the composite and support was shown through analysis of their XRD patterns.  
The diffractograms, shown in Figure 2, confirm the crystalline phases present in the materials. The 
XRD profile of the support shows reflections at 2θ= ~45º [corresponding to CNT (004) and 2θ = ~ 
52º corresponding to Ni (200)]. There is a broad feature centred at 2θ = ~23º. The XRD of the 
composite material shows peaks at 2θ= ~38.5º, ~45.2º and 65.2º which correspond to Au (111), 
(200) and (311) reflections indicating the formation of Au nanoparticles with a face centred cubic 
structure [37].  
 
The sizes of the gold particles on the composite were estimated using the Scherrer equation (which 
assumes the particles are spherical) [38] applied to the Au (111) reflection at 38.5º. It was found 
that the Au nanoparticles on SWCNT have an average particle size of 4.7nm.  
 
The morphologies of the Au/SWCNT composite were investigated using STEM. The average Au 
particle size (n=100) was also calculated using this technique.  
 
Figures 3A and B show representative samples of the STEM images obtained from the 
Au/SWCNT composite.  Figure 3A, using a magnification of x30,000, gives an overall indication 
of the morphology of the composite. The SWCNT are well dispersed and although not fully 
exfoliated, are present in bundles of diameter significantly less than the rope like structures of the 
as produced samples, which are several microns in length and have bundles of diameter ~30nm 
(shown in Figure 4A).  It can be seen that the Au nanoparticles are reasonably homogeneously 
dispersed [Figure 3A] and appear to be adhered on the SWCNT surfaces. Figure 3B shows two of 
the SWCNT structures and shows the Au particles sitting on the backbone of the SWCNT. The 
accelerating voltage was reduced to minimise deposition of in beam contamination onto the sample 
during imaging at higher magnifications as well as charging effects. The image shows two of the 
SWCNT structures and both individual Au nanoparticles as well as agglomerates of mostly 
amorphous carbon sitting on the backbone of the SWCNT.  
In addition, a small proportion of the Au particles on the SWCNT do not appear to be well defined 
in shape. The particle size distribution was estimated using AxioVision LE’s integrated camera 
controls. After that the program's interactive histogram and image processing tools allowed 
optimization of the colour, contrast and brightness of the image as well as image analysis and 
measurement functions. Although there are some Au aggregates visible, the particle size 
distribution is sharply peaked and the average particle size is estimated to be ~7nm for Au/SWCNT 
which is in good agreement with the value calculated from the XRD data, assuming spherical 
particles.  
Figure 4A shows a higher magnification SEM image of the morphology of the partially debundled 
SWCNT with the large particles attributed to amorphous carbon. Figure 4B shows stabilised Au 
nanoparticles and thus the narrow diameter range achievable and finally Figure 4C shows the 
Au/SWCNT composite in which the atomic weight (z) ratios (determined by the greyscale of the 
image) show a clear difference between the amorphous carbon impurities and the gold 
nanoparticles present on the SWCNT backbones as well as the change in the bundle sizes of the 
tubes themselves.  
 Raman Spectroscopy has been extensively used to probe the properties of single walled carbon 
nanotubes [39, 40]. Figure 5 shows the Raman spectra of raw SWCNT and the Au/SWCNT 
composite. In general, SWCNT display four clear areas of interest in a Raman spectrum. The 
Radial Breathing Modes (RBM) in the low frequency region (~100 - 400cm-1) are associated with 
the vibration of carbon atoms in a radial direction in relation to the carbon nanotube axis and are 
often used to calculate the diameter of isolated SWCNT. The RBM’s are exclusive to SWCNT and 
are in themselves proof of the presence of SWCNT in a sample.  
 
The tangential mode (D and G) incorporates three modes, D at ~ 1300cm-1, G+ at ~1590cm-1 and G- 
at ~1570cm-1. D is a phonon mode disorder band that is accepted to be due to defects that break the 
symmetry of the graphene plane in the sample and tends to increase in intensity with doping [39, 
40]. G+ is associated with carbon atom vibrations along the nanotubes axis. G- is associated with 
vibrations of the carbon atoms along the circumferential direction.  
The G band frequency and shape is also used to distinguish between semiconducting and metallic 
SWCNTs. Finally the G’ band at ~2700 cm-1 is an overtone of the D band. The peaks at ~580 cm-1 
and ~1100 cm-1 are contributions from the underlying microscope slide. 
 
There are several differences between the spectra shown in Figure 3. The G+ band has shifted 
upfield from 1591 cm-1 to 1597 cm-1 in the composite sample which is indicative of charge transfer 
onto the SWCNT [41]. This suggests that the Au nanoparticles have lost electrons to the SWCNT 
and in the process have become positively charged. In contrast, the G- band at 1577 cm-1 has 
become more prominent in the composite sample. This suggests the presence of nanotubes of 
metallic character in the sample. Finally the G’ band at 2668 cm-1 has become more pronounced 
and has red-shifted in the composite and the D band at ~1337 cm-1 has upshifted to ~1343 cm-1  
These types of changes have been attributed to the presence of metallicity either from doping or 
preferential selection of the metallic SWCNT interacting with the Au nanoparticles [42].  
 The UV-Visible absorption spectra of SWCNT and Au/SWCNT are shown in Figure 6. Both 
spectra show the characteristic π plasmon band of SWNTs at ~270 nm [43].  The SWCNT 
spectrum shows very weak bands at ~700 nm and 750 nm that correspond to the electronic 
transitions between the Van Hove singularities in the nanotube density of states, in these cases the 
E11 transitions for metallic arc discharge nanotubes [44] (see inset). The Au/SWCNT shows an 
additional clear broad absorption band at ~560 nm which corresponds to a Au surface plasmon 
resonance band [44] and is characteristic of suspended Au particle sizes of  ≤15nm [45]. In the 
spectrum of the composite material, the π plasmon band is somewhat dampened and red shifted by 
the presence of the Au nanoparticles. The observed decrease of peak intensity at 270 nm in the raw 
SWCNTs compared to the composite sample in addition to a red shift in this band of ~8 nm in the 
Au/SWCNT composite spectrum both suggest that the π-π interactions between the SWCNT and 
the Au [46] contribute to the binding between the Au nanoparticles and the SWCNT surfaces. The 
spectra of the aqueous dispersions thus indicate that the nano particles remain adhered to the 
SWCNT template.  
 
3.2 Catalytic Activity Measurements  
 
During the oxidation reactions, acetophenone and water were the only products formed. The 
reactions were carried out in triplicate using fresh catalyst to ensure reproducibility. The 
Au/SWCNT catalyst gave a reactant conversion of 95% after 180min.  
 
Figure 7 shows the conversion of 1-phenylethanol into acetophenone using O2 over an Au/SWCNT 
catalyst as a function of time. The error bars indicate the variation over three independent reactions 
illustrating the reproducibility of the reaction. 
 
Recent work on catalytic selective oxidation of 1-phenylethanol amongst other alcohols using  
nano Au supported on mixed Ga/Al oxides [47]  gave a comparable conversion but required the use 
of a solvent whereas it has been demonstrated here that Au nanoparticles supported on SWCNT 
yields a conversion of ~95% in a solventless system which adheres more closely to principles of 
green chemistry [48] which demonstrates that using SWCNT as a support material for 
heterogeneous catalytic functions provides some further expansion in the area of carbon nanotube 
chemistry.  
In addition, the methodology utilized in this work thus produces not only high purity, crystalline 
Au nanoparticles of diameters with a majority of <10nm, but also a narrow diameter distribution 
which is constrained by the well defined diameter distribution of the SWCNT nano template. 
 
4   Conclusions 
 
A 5% Au/SWCNT composite material has been synthesised and thoroughly characterised using N2 
physisorption, UV-Visible and Raman spectroscopies, XRD, EDX, AAS and STEM. In the process 
of the composite preparation, the nanotubes are partially exfoliated compared to their as produced 
state and present a fibrous mesh of uniform diameter as support for nanoparticle growth. The Au 
nanoparticles (with average sizes ranging from ~6 to 8nm) as measured by STEM and XRD) 
adhere to the SWCNT surface and there appears to be an electronic interaction between the 
nanoparticles and the SWCNT involving transfer from the Au nanoparticles to the SWCNT. The 
diameter distribution is sharply peaked as a result of the uniformity of the support template. 
The 5% Au/SWCNT composite has been demonstrated to be an active and selective catalyst for the 
solvent free liquid phase selective aerobic oxidation of 1-phenylethanol to acetophenone. 
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Scheme 1: Selective Oxidation of 1-Phenylethanol to Acetophenone 
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Figure 1A: N2 adsorption-desorption isotherm of SWCNT 
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Figure 1B: N2 adsorption-desorption isotherm of Au/SWCNT 
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Figure 2: X-Ray Diffractograms of SWCNT (dotted) and Au/SWCNT (dashes)  
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Figures 3: STEM images of 5% Au/SWCNT composite (A) 5% Au/SWCNT composite, (B) 
magnified version of (A) showing Au particles on the backbone of an SWCNT rope. Figure 3C 
shows a histogram of the Au particle size distribution for the Au/SWCNT composite. 
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Figures 4: Images of SWCNT (A), Au nanoparticles (B) and Au/SWCNT composite (C) 
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Figure 5: Raman Spectra of SWCNT (dotted) and 5%Au/SWCNT (full) 
0
2 000
4 000
6 000
8 000
10 000
12 000
14 000
16 000
18 000
20 000
22 000
In
te
ns
it
y 
(a
.u
.)
500 1 000 1 500 2 000 2 500 3 000 3 500
Raman Shift (cm-1)  
 
Figure 6:  UV-Visible Spectra of SWCNT (dotted) and Au/SWCNT (dashes) 
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Figure 7: Plot of conversion v time for selective oxidation of 1-phenylethanol over 5% wt 
Au/SWCNT. 
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